Partial SSU rDNA sequences were obtained from 13 naturally collected cells of Braarudosphaera bigelowii obtained from various parts of seas surrounding Japan.
Introduction
The family Braarudosphaeraceae Deflandre (1947) is one of the oldest extant coccolithophore families, it is distinguished by having a coccosphere formed of five-fold symmetric calcareous scales called pentaliths. The family has a long fossil record extending back to the Early Cretaceous (ca. 140Ma, Bown et al., 1998) . In the geological record, they show greater morphological variation in their pentaliths than in modern populations. Based on the morphology of the five segments forming a pentalith, six genera have been recognized in the Braarudosphaeraceae; Braarudosphaera, In subsequent studies, size of pentaliths instead of diameter of cell was used for classification of morphotypes to allow more accurate size measurements. Hagino et al (2005) revised the size range of 'small' and 'normal' specimens to 1.6-2.4µm and 4.0-7.2µm in side length of pentalith, respectively. examined the size-frequency distribution of living B. bigelowii pentaliths, and further divided the 'normal sized specimens' of Hagino et al (2005) into two size categories; Intermedaite forms -A and -B. In the study, they obtained SSU rDNA sequences of two cells of B.
bigelowii picked from sea water samples, using a single cell PCR (polymerase chain reaction) technique, and found 16-bp differences including indels in the SSU rDNA sequences of between the cell belonging to Intermediate form-A and the cell belonging to Intermediate form-B. Their results suggested that the B. bigelowii is likely to be a species complex composed of multiple genetically distinct species, but that this might be an example of pseudo-cryptic speciation, with size variation allowing discrimination of the species. However, the taxonomic position of the forms was not emended since the size range of these two forms overlapped, and only one cell was sequenced from each form. Recently, Konno et al (2007) reported additional variation in the surface morphology of Intermediate forms -A and -B from Bering Sea. They classified their specimens into two morphological groups; flat and concave forms, respectively. The cause of the morphological variation found by Konno et al (2007) is unknown.
To study genetic distances between the morphotypes of B. bigelowii, we determined SSU rDNA sequences of cells of B. bigelowii based on the single cell PCR technique. Single cell PCR is an effective technique that enables molecular phylogenic studies of protists such as B. bigelowii, which have never been successfully cultured.
The technique has clarified the molecular phylogenetic positions of various non-culturable dinoflagelates (e.g., Edvardsen et al., 2003; Hansen and Daugbjerg, 2004: Takano and Horiguchi, 2004; Yamaguchi and Horiguchi, 2005) and of B.
bigelowii, which was proven to be a coccolithophore . In the usual process of this technique, morphological observation prior to the genetic experiments is limited to light microscopy. did succeed in undertaking SEM observation of dinophyte isolates prior to the genetic studies, however this is not practical for the very small cell of Braarudosphaera. Fine morphological variation in pentaliths shown by Konno et al. (2007) is only visible under an SEM, and so cannot practically be examined in the process of the single cell PCR technique. To estimate morphological characters of B. bigelowii sequenced, the morphology of B. bigelowii coccospheres was also studied under an SEM using the samples collected at the same sampling stations from which the cells used for genetic experiments were collected.
Materials and Method

2-1. Phylogenic studies of living Braarudosphaera bigelowii
Living cells of Braarudosphaera bigelowii were isolated from sea surface water samples collected using a bucket or a plankton-net from various parts of seas surrounding Japan (Table 1, Fig. 1 ). Prior to the isolation of cells, water samples collected by bucket were concentrated using a plankton-net with 1µm openings in the laboratory. Concentrated water samples were examined under an inverted light microscope (Olympus CKX41), and living cells of B. bigelowii encountered were isolated using a pipette. Each isolate was washed in sterilized seawater. For measurements of size of pentaliths, the cell was photographed at x1000 magnification under a light microscope (Olympus CX50), following Horiguchi et al (2000) . Side length of pentalith in each isolate was measured electronically using the software program Canvas 3.5.6 (Deneva). After measurement of the side length of pentaliths, the cell was subjected to single cell PCR amplification as outlined in Takano and Horiguchi (2004) .
The first-round of PCR was performed using external primers, SR1 and LSU R2, to amplify almost the entire SSU rDNA, ITS, and partial LSU rDNA. In this study, however, only SSU rDNA sequences were used for analysis, because SSU rDNA data of B. bigelowii are available for comparison from previous work ). The PCR condition for the first round was one initial denaturation at 94˚C for 60s, followed by 35 cycles of denaturation at 94˚C, annealing at 50˚C for 30s and extension cycle at 72˚C for 60s. The temperature profile was completed by a final extension cycle at 72˚C for 4 min. In the second round of PCR, internal short sequences of SSU rDNA region were amplified using the 0.5µL of the first round PCR product as DNA temperate with three or four pairs of primers; SR1c-SR3, SR1c-SR5, SR2TAK-SR7TAK, SR4-SR9, SR8-SR12 and/or SR8TAK-SR12b. The sequences of primers used in this study were listed in Horiguchi (2004, 2006) . The PCR condition for the second round was one initial denaturation step at 94˚C for 30s, followed by 35 cycles of denaturation at 94˚C for 30s, annealing at 55˚C for 30s and extension cycle at 72˚C for 30s. The The results were confirmed by sequencing both forward and reverse strands. Table 2 lists the species used for the analysis and their GenBank accession numbers. The SSU rRNA gene sequences were aligned manually for phylogenetic analysis, incorporating information on the secondary structure of the SSU rRNA molecule from the European ribosomal RNA database (Wuyts et al. 2004 ). The aligned sequences were examined using Maximum Likelihood (ML), Neighbor Joining (NJ), and Maximum Parsimony (MP) methods, using PAUP version 4.0b10 (Swofford, 2002) .
To decide which evolutionary model for ML fit the data best, the program Modeltest 3.06 (Posada and Crandali, 1998) was used. The models selected by the hierarchical likelihood ratio tests (hLRTs) and by the Akaike information criterion (AIC) for all data sets were the same: the Tamura and Nei (1993) model (TrN) with the proportion of invariable sites (I) and the variable sites (G); gamma distribution shape parameter for among-site rate variation, as calculated from the data (TrN+I+G; base frequencies and substitution parameters were estimated by Modeltest). ML was performed using the heuristic search option with a branch-swapping algorithm (Tree bisection-reconnection; TBR). Starting trees were obtained by stepwise random addition of sequences (10 replicates). The distance matrix was calculated using Kimura two parameter distances (Kimura, 1980) , and the distance tree was constructed using the NJ method (Saitou and Nei, 1987) . MP was performed using the heuristic search option with random addition of sequences (1000 replicates) and a branch-swapping algorithm (TBR). All characters were weighted equally and gaps were treated as missing. Bootstrap analyses with 100 replicates for ML analyses, and 1000 replicates for NJ and MP were applied to examine the robustness and statistical reliability of the topologies (Felsenstein, 1985) . For ML bootstrapping, heuristic search option with a branch swapping algorithm, nearest neighbor interchange (NNI) were employed.
2-2. Morphological studies of extant Braarudosphaera bigelowii
Scanning electron microscopic observations of B. bigelowii were made only if excess cells were available after genetic studies, and the preparation method of the SEM samples differed among the sampling stations depending on the kinds of sample available. Sufficient seawater was available from the samples from Shukutsu Harbor, and 1liter of fresh seawater sample was filtered using type HA Millipore membrane filters. For morphological study of B. bigelowii from Tosa Bay, the concentrated seawater sample using plankton net was filtered again by membrane filter (type HA, Millipore) after 14 living cells were picked for genetic studies. The samples from Furue and Usuka Bays were originally collected for other biological studies, and were not available for filtering. For the morphological studies of B. bigelowii in these samples, cells of B. bigelowii were isolated using a pipette and then placed onto small pieces of membrane filter. All samples on membrane filters were air-dried. A portion of filter (ca. 5 x 5 mm) was mounted on an aluminum SEM stub using double sided tape and then sputter-coated with platinum using an ion sputterer (E-1020; Hitachi Corp., Hitachinaka, Japan) for SEM observation. SEM images of B. bigelowii were obtained (Hitachi S-3000H and JEOL JSM-6390LAKII) and stored in a computer database.
Results.
3-1. Morphometric measurements of living cells used for single cell PCR
Prior to the genetic study, the side length of pentaliths of each isolate was measured on a light microscopic image, and the measured specimens were classified into size-morphotypes based on the size categories of (Table 1) (Table 1 , Plate 1). This is the first report of living specimens >7.5 µm in side length of pentaliths, and no morphotype name was available for this size range.
Here we refer to the specimens >7.5 µm in side length of pentalith as Large form (Table   1) Roundness of corners of concave laminae increases toward the distal side (Plate 2, Fig.   6 ).
Discussion
4-1. Pseudo-cryptic speciation of Braarudosphaera bigelowii
The five recognized SSU rDNA genotypes showed a clear relationship with the morphotypes based on side length of pentaliths, but not with sampling area (Table 1 , For further discussion of relationships between Genotype I and II, additional size information of this genotype is required. The Genotype V specimen (Yatsushiro-1) was larger than the specimens of Genotype IV (Furue 15 and 16), and two substitutions exist between the Genotypes V and IV (Table 3 , Fig. 3 ). These results suggest speciation between the Genotypes IV and V is taking place, and is expressed as the size variations.
However, there is insufficient molecular and morphometric date to allow definite conclusions on the relationship of size and genetic differences between Genotypes IV and V (Table 1 , Fig. 1 ).
Morphological variations in the surface nature of pentaliths were observed across size-morphotype separations, even though size-morphotypes can be correlated with genotypes. Specimens with flat surface and without spaces at the contact surface between the adjacent pentaliths were found from both Intermediate form-A and
Intermediate form-B populations (Hagino et al., 2005; Konno et al., 2007) . Concave specimens with sharp corners of pentalith and without spaces at contact surface between adjacent pentaliths were only found in Intermediate form-A population in this study, but have been reported from an Intermediate form-B population from the Bering Sea (Konno et al., 2007) . The specimens characterized by rounded corners of pentaliths and by the spaces at the contact surface between the adjacent pentaliths were observed from both Intermediate form-B and Large form populations. The causes of morphological variations in the surface nature of pentaliths are unknown, however, morphological variations found across the different size-morphotypes appears likely to be a result of intra-specific variation rather than inter-specific difference, since relationships between genotypes and size-morphotypes is generally congruent.
Of the morphological features examined in this study, only pentalith size can be correlated with genotypes of B. bigelowii. In their original description, gave the cell diameter of B. bigelowii (as Pontosphaera bigelowii) as 16µm, and this is equivalent to a side length of its pentalith of ca. 6µm. So, of the size-morphotypes observed in this study, Genotype III corresponds to the original description of B. bigelowii by in size. SSU rDNA is a conservative gene, and substitutions found in this genetic region have been interpreted as indicative of speciation (e.g., Saéz et al., 2003) . Therefore, Genotypes I, II, IV, and V can be considered as pseudo-cryptic species of typical B. bigelowii (Genotype III).
Size variation of Braarudosphaera bigelowii with genetic diversification
Nine common substitutions as well as six insertion/deletions differentiate Genotypes III-V from Genotypes I and II, and an additional three common substitutions separate Genotypes IV and V from Genotype III (Table 3) . Therefore, it is evident that the common ancestor of Genotypes IV and V was separated from Genotype III after the separation of Genotype III from the common ancestor of Genotypes I and II, as the phylogenetic tree indicate (Fig. 2) . Furthermore, two characteristic substitutions found in the specimen Yatsushiro-1 (Genotype V) reveal that Genotypes V was separated from Genotype IV after the common ancestor of Genotypes IV and V was separated from
Genotype III (Table 3 , Fig. 2 ). Interestingly, specimens of Genotypes IV were larger than the specimens of Genotype III, and the specimen Yatsushiro-1 (Genotype V) was larger than two specimens of Genotype IV (Fig. 3) , although it is still uncertain whether the extraordinarily large size of the specimen Yatsushiro-1 (Genotype V) can be variation (enlargement) in the following ages. This type of size-increase events and the subsequent extinction events of the enlarged population have been studied in detail for many lineages of placolith-bearing genera, notably including Gephyrocapsa Okada 1989, 1990; de Kaenel et al., 1999) , Reticulofenestra (Young, 1990 (Young, , 1998 , Pseudoemiliania (Young 1990 , de Kaenel et al., 1999 , and Calcidiscus (Knappertsbush, 2000) . Genetic evidence to explain speciation with size variation of coccolithophores is (Sáez et al., 2003 , Geisen et al. 2004 ). Due to the lack of genetic and morphological data of their common ancestor, process of their diversification with size change was unknown. Living Calcidiscus consists of three size-differentiated taxa;
Calcidiscus quadriperforatus (7-11µm in coccolith diameter, obscured sutures around the crest of tube), Calcidiscus leptoporus (5-8 µm in coccolith diameter, distal shield sutures smoothly curved), and Calcidiscus leptoporus small type (3-5 µm in coccolith diameter, distal shield sutures angular and serrated) (Kleijne 1993; Geisen et al., 2002; Geisen et al., 2004) . Detailed biostratigrahic studies by Knappertsbush (2000) reported (e.g., Okada and Thierstein, 1979; Mai et al., 1997; Tantaway, 2003; Lamolda et al., 2005) . 
Summary
1. Partial SSU rDNA sequences were determined for thirteen isolates of Braarudosphaera bigelowii independently using the single cell PCR technique.
Based on the SSU rDNA sequences, sequenced specimens were classified into five Genotypes, I-V. These SSU rDNA genotypes showed consistent relationships with morphotypes of B. bigelowii based on size, but not with sampling area. From these facts, the genetic differences among genotypes of B. bigelowii can be regarded as results of speciation, not of geographic isolation.
2. The surface nature of living B. bigelowii specimens was investigated under an SEM using natural samples. Similar morphological variations were observed across size-morphotypes, which were genetically distinct from each other. Therefore, fine morphological variations observed across the size-morphotypes were regarded as intra-specific variations.
3. In the morphological factors examined in this study, only pentalith size can be correlated with genotypes of B. bigelowii. On the basis of size, Genotype III is comparable with the holotype of B. bigelowii as described by . As a consequence, other four genotypes are considered as pseudo-cryptic sibling species of B. bigelowii. 
